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Abstract. Current rates of global environmental and climate change pose potential challenges for
migratory species that must cope with or adapt to new conditions and different rates of change across
broad spatial scales throughout their annual life cycle. North American migratory hummingbirds may be
especially sensitive to changes in environment and climate due to their extremely small body size, high
metabolic rates, and dependence on nectar as a main resource. We used occurrence information from the
eBird citizen-science database to track migratory movements of five North American hummingbird species
(Archilochus alexandri, A. colubris, Selasphorus calliope, S. platycercus, and S. rufus) across 6 years (2008–2013)
at a daily temporal resolution to describe annual and seasonal variation in migration patterns. Our findings
suggest that the timing of the onset of spring migration generally varies less than the arrival on the
wintering grounds. Species follow similar routes across years, but exhibit more variation in daily longitude
than latitude. Long distance migrants generally had less annual variation in geographic location and
timing than shorter distance migrants. Our study is among the first to examine variation in migration
routes and timing for hummingbirds, but more work is needed to understand the capacity of these species
to respond to different rates of environmental change along their migratory routes.
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INTRODUCTION
Global environmental changes are impacting
species’ populations and movement behavior
(e.g., La Sorte and Thompson 2007, Wilcove
and Wikelski 2008). Monitoring migration re-
sponse to these changes is critical to predict how
species will respond under future climate sce-
narios. Because migratory species carry out parts
of their annual life cycle in different locations,
they must cope with shifting conditions across
regional to continental scales (Møller et al. 2008,
Both et al. 2010, Klaassen et al. 2012). Across
these scales, environmental change will vary in
6
rate and magnitude (e.g., drought, extreme
temperature) requiring different biological re-
sponses throughout the migratory route. Further,
individuals likely have different constraints
acting on them in different seasons, which may
influence their migration speeds and routes (La
Sorte et al. 2013). Our understanding of avian
migration patterns throughout their annual life
cycle (breeding, non-breeding, migration) is poor
for many species (Faaborg et al. 2010). Yet fewer
studies have attempted to evaluate the form and
magnitude of annual variation in population-
level migration patterns across broad scales as
opposed to evaluating migration for a subset of
marked individuals or at a single site (but see
Marra et al. 2005, Gordo and Sanz 2006, Van
Buskirk et al. 2009, Vardanis et al. 2011).
An important challenge facing ecologists is to
document the consistency in seasonal migration
patterns across years. Seasonal differences in
migration patterns may depend on physiological
or behavioral constraints (e.g., energetic demand,
reproductive condition, resource acquisition;
Sillett and Holmes 2002, Conklin et al. 2013).
However, annual variation in migration may also
depend on year-to-year differences in precipita-
tion, temperature, or extreme weather events that
in turn impact the physiological condition of
migrants and may cause individuals to alter their
course. For example, in birds optimal spring
arrival at breeding grounds may be under
stronger selection than arrival at wintering
grounds (Yohannes et al. 2009, Alerstam 2011,
Karlsson et al. 2012), and thus individuals may
initiate spring migration with little variation
across years, while adjusting their precise loca-
tion, speed, and stop-over decisions en route
based on daily conditions (Erni et al. 2002, Leitchi
2006, Tottrup et al. 2008, Conklin et al. 2013).
Consistency in seasonal migration patterns may
depend on a species’ total migration distance
(positively associated with consistency; Tottrup
et al. 2008, Alerstam 2011) or the magnitude of
environmental heterogeneity (negatively associ-
ated with consistency; La Sorte et al. 2014a) and
prevailing wind patterns (Klaassen et al. 2011,
Stanley et al. 2012, La Sorte et al. 2014b) along its
route. Environmental shifts among seasons or
years may impact individual movement deci-
sions and thus population-level migration pat-
terns.
Monitoring seasonal and annual variation in
population migration patterns is attainable using
broad-scale citizen science databases (Dickinson
et al. 2010). We evaluate hummingbird migration
because their high energetic demands and
reliance on floral nectar resources (Lasiewski
1963, Healy and Calder 2006, Cotton 2007)
suggest that they should display annual flexibil-
ity in their migration routes and timing and may
be early responders to large-scale climate shifts.
Movement of banded individuals can be tracked
at a coarse level (USGS Bird Banding Laboratory
2104), but there are often few recaptures (Ap-
pendix A), which limits our ability to describe
and predict migration patterns for humming-
birds. Technology, beyond traditional band re-
covery data, is rapidly advancing to monitor
individual-level migratory behaviors for many
species (e.g., satellite and GPS tags; for review,
Robinson et al. 2009, Bridge et al. 2011), but
North American hummingbirds are too small
(most species ,5 g) to implement tracking
methods (but see Moran et al. 2013 for stable
isotope analysis). Hummingbirds appear to
migrate similarly to other birds, following looped
migration routes where males initiate migration
earlier than females (Phillips 1975, Baltosser and
Russell 2000, Camfield et al. 2013), but many
fundamental questions regarding migration be-
havior and route remain (Calder and Calder
1994, Weidensaul et al. 2013). Previous studies
have evaluated hummingbird abundance, behav-
ior and resource acquisition at specific sites
during migration (e.g., Kodric-Brown and Brown
1978, Russell et al. 1994, McKinney et al. 2012),
but not along the entire route. Hummingbird
ability to respond to short-term annual or
seasonal changes in climate and environment
along their migratory pathways is not well
understood, which represents a critical problem
given ongoing environmental change.
Here, we use citizen-science data from eBird
(Sullivan et al. 2014) to describe the routes
(geographic location) and timing (onset of spring
migration, end of autumn migration, and speed)
of five North American migratory hummingbird
species and to evaluate the form and magnitude
of seasonal, annual and species-level variation in
migration patterns. We expect that humming-
birds will migrate faster in the spring than in the
autumn, and that species will have looped
migration routes. Annually, we expect greater
variation in the end of autumn migration and in
autumn route (geographic location) than in the
onset of spring migration or spring route, and
generally greater variation in daily longitude
than latitude across years. Among species, we
expect birds with longer total migration distance
to exhibit more consistent seasonal migration
patterns, especially with respect to migration
timing.
METHODS
Species data
We extracted checklists of hummingbird ob-
servations from 2008 to 2013 from the eBird
database (available online, www.ebird.org) for five
North American latitudinal migrants: ruby-
throated hummingbird (Archilochus colubris),
black-chinned hummingbird (Archilochus alexan-
dri ), rufous hummingbird (Selasphorus rufus),
calliope hummingbird (S. calliope), and broad-
tailed hummingbird (S. platycercus). We only
included vetted eBird observation data collected
under the ‘‘traveling count’’, ‘‘stationary count’’,
and ‘‘incidental observation’’ sampling protocols.
Quality control for eBird includes structured
protocols for data entry, automated data filters,
and a large network of regional editors (Sullivan
et al. 2014). We use the eBird data as presence-
only records, with no attempt to infer abundance
or absence. We initially downloaded and ana-
lyzed data for 2004–2013, but we chose to
exclude data from earlier years of eBird reporting
(2004–2007) due to relatively low observer effort
and poorer geographic coverage. During these
years, eBird observer effort was significantly
lower (Appendix B: Fig. B2) and standard error
for the population daily centroids was much
greater during the years, for all species (Appen-
dix B: Fig. B4).
In addition to the population-level data, we
obtained recapture data of banded individuals
(1932–2013) from the Bird Banding Lab (BBL;
USGS Bird Banding Laboratory 2014; for data:
http://www.pwrc.usgs.gov/BBL/homepage/
datarequest.cfm). While there were too few
recaptures within a migration season for statis-
tical analysis, we provide these maps as a
qualitative independent comparison to our pop-
ulation-level results (Appendix A).
Occurrence centroids for migration routes
and timing
We compiled species daily observations from
eBird checklists for each Julian day in each year
(2008–2013) within equal-area hexagonal cells
(12,452 km2) of an icosahedron map of North
America (Sahr et al. 2003). The hexagon size is at
a coarse enough spatial resolution to allow for
detection of daily population-level movements
(sensu La Sorte et al. 2013). We used the central
longitude and latitude of each cell to calculate a
weighted mean daily location, based on the
number of checklists where the species was
observed for each cell and the total number of
checklists submitted for each cell on that day (Fig
B1). In this way, weights accounted for spatial
variation in the total number of checklists
submitted per cell across time (Sullivan et al.
2014), which acted as a proxy for total observer
effort. For each year, we took the weighted mean
daily locations and used a generalized additive
model (GAM; package mgcv; Wood 2006) to
separately fit the latitude and longitude compo-
nents of the daily locations as a function of time
(Julian day of the year). Using the daily latitude
and longitude predictions based on the GAM fits,
we combined the predicted locations to obtain
predicted population-level daily occurrence cen-
troids (including standard error and 95% confi-
dence intervals) for each species in each year.
We derived species-specific estimates of the
onset of spring migration and end of autumn
migration for each year within the study area
using GAMs (Wood 2006) and segmented linear
regression (Muggeo 2003). To separate seasons
we used the date at which the population-level
centroid was at its maximum latitude. We
assumed that at this time, the entire population
was fully established on the breeding ground,
and southward migration had not yet begun. For
each season, we applied a GAM to the predicted
daily latitudes of the population-level centroids.
We used the minimum upper limit from the 99%
confidence band of the predicted daily latitude
threshold to identify the winter season occur-
rences before spring migration and after autumn
migration. For migratory species, the beginning
of spring migration was defined as the date when
the predicted latitude threshold was reached in
spring (11 January–9 July) and the end of autumn
migration as the date when the threshold was
reached in autumn (8 August–21 December;
sensu La Sorte et al. 2013). The time within these
dates contain the bulk of hummingbird observa-
tions (Appendix B: Fig. B3). We used these dates
as starting points for a segmented regression on
latitude by Julian date to refine the estimated
breakpoints for the beginning of spring and the
end of autumn migration (segmented package;
Muggeo 2008). We measured the daily great
circle distance traveled by the population in km/
day between all consecutive centroids from the
GAM analysis (function geodist, package spaa;
Zhang 2013). For spring and autumn in each
year, we took the median of the five fastest
speeds (to minimize the effects of potential
outliers) as the maximum population-level mi-
gration speed (sensu La Sorte et al. 2013).
Total migration distance was estimated using
species’ breeding and winter ranges from Na-
tureServe BirdLife digital range maps (Ridgely et
al. 2007). We opted to use these range maps
instead of calculating ranges based on eBird data
because there is variation across years and across
species in data quality and the geographic
regions used by hummingbirds, especially in
the wintering grounds. By using the NatureServe
maps to estimate total migration distance, we
have an independent static variable that can be
used to compare results across the five species.
Breeding and winter range map polygons were
converted to 12,452 km2 equal-area hexagons,
and the center was calculated by averaging the
latitude and longitude of the hexagon centers
located in each seasonal range. We estimated
total migration distance for each species using
great-circle distance between the central points
calculated for each breeding and winter range
(La Sorte et al. 2013).
Statistical analysis
Citizen-science observations in eBird may be
influenced by observations of vagrant birds,
subpopulations that behave differently, or by
geographic human population centers that con-
tain large groups of active birders, such as the
southeastern United States (Sullivan et al. 2014).
To address these potential issues, we conducted
the analyses in two ways: (1) using all eBird
observations and (2) using eBird observations
confined to the western flyway (west of 1038 W
longitude; La Sorte et al. 2014b), except for A.
colubris for which we used all observation data.
The number of observations submitted to eBird
continues to increase over time (Appendix B: Fig.
B2; Sullivan et al. 2014). To determine if we could
make robust comparisons across years, we
evaluated the error in the predicted daily
centroids for each year.
We compared hummingbird migration routes
and timing to determine the magnitude of annual
and seasonal variance across species. For migra-
tion timing, we compared the estimated begin-
ning of spring migration, peak latitude, the end
of autumn migration, and population-level mi-
gration speed within seasons and across years
using mean and standard deviation, and we used
linear regression on the time series for each
species to look for directional trends in migration
timing across years. We used a generalized
additive mixed model approach (package
gamm4; Wood 2006) with year as a random
effect to determine the amount of variance in
latitude and longitude explained by Julian date.
Statistical analyses were conducted in R (R
Development Core Team 2014). Code and anal-
yses are available in the online Supplement (see
Supplemental Material).
RESULTS
For the western species, population-level mi-
gration routes and timing were substantially
impacted by the effect of vagrant individuals
and by the high density of year-round eBird
observers in the southeastern USA (Appendix B:
Fig. B5). While these observations are themselves
interesting, they do not represent the main
population-level migratory movements that we
characterize here, and require further analysis
and study. Thus, we report results for the
observations constrained to the western flyway
for the four western species below (for results
using the full dataset see Appendix B: Fig. B5;
Table B1). The routes predicted using data
confined to the western flyway provide a better
geographic correspondence with the location of
known species breeding and wintering ranges,
and their likely migration routes (Fig. 1). BBL
data support our decision to confine our obser-
vations of western species to the western flyway,
as western birds were banded and recaptured in
the east mainly during the winter season, and
Fig. 1. Summary of migration patterns for the five hummingbird species. Each row represents a species and
columns represent (1) the number of checklists submitted for each hex cell 2004–2013, (2) population migration
routes for each year 2008–2013, (3) migration routes in 2008–2013 (black lines) for spring (blue) and autumn
(orange) with 95% confidence intervals shaded for latitude and longitude, where darker shading indicates greater
overlap, and (4) the latitudinal change by Julian day for 2008–2013, with estimated dates (vertical lines) for
beginning of spring migration (blue), peak population-level latitude (green) and end of autumn migration
(orange).
may represent a more recent phenomenon
(Appendix A).
The five species had a median body mass of 3.3
g (range 2.3–4.1 g) and a mean migration
distance between breeding and wintering
grounds of 2,716 km (range 1,721–4,103 km).
Three of the five species (A. alexandri, S. calliope,
and S. rufus) migrated faster in the spring than in
the autumn (Table 1). The three Selasphorus
species (S. platycercus, S. calliope, and S. rufus)
exhibited strong looped migration patterns, but
the two Archilochus species (A. alexandri and A.
colubris) followed similar routes in spring and
autumn (Fig. 1). All species had greater annual
variation in the estimated date for end of autumn
migration compared to the beginning of spring
migration (Table 1; sdspring: 5.2–11.8; sdaut: 8.0–
26.9, whereas less variation was displayed in the
estimated date for the onset of spring migration
and for the population to reach peak latitude
(Table 1, Fig. 1; sdpeak: 2.3–22.0). There were no
strong directional trends in migration timing
(beginning of spring, peak latitude or end of
autumn migration) across the six years, except
for A. alexandri, which demonstrated an increas-
ingly later start of spring migration (Appendix B:
Fig. B6; p ¼ 0.04, R2adj ¼ 0.61). Julian date was a
strong predictor of daily location for all species,
regardless of year, suggesting that there is
relatively low annual variation in migration route
(Table 2; R2lat: 0.88–0.97). The variance in
longitude was generally less well explained by
Julian date, and the season in which there was
more variation depended on the species (Table 2;
R2long: 0.26–0.97). Selasphorus rufus, the longest-
distance migrant in our study, exhibited the
highest variance explained by Julian date for
latitude and longitude explained across years
and seasons (spring R2lat: 0.96; spring R
2
long: 0.96;
autumn R2lat: 0.97; autumn R
2
long: 0.98), while S.
platycercus, among the shortest-distance migrants
in our study (and a partial migrant) exhibited the
lowest variance explained by Julian date (spring
R2lat: 0.97; spring R
2
long: 0.79; autumn R
2
lat: 0.90;
autumn R2long: 0.32).
DISCUSSION
Our results provide among the first broad-
scale temporal perspective on hummingbird
migration across seasons and years, and demon-
strate the role of citizen-science as a powerful
tool for describing population-level movements
through time. We found that migration patterns
Table 1. Descriptive data and results for the five hummingbird species. Body mass (averaged across sex and
subspecies; Dunning 2007), total migration distance calculated using the NatureServe centroids for center of
breeding and winter ranges and the mean (and standard deviation) for migration speed and timing for each
season across the six years.
Species
Mean body
mass (g)
Tot. dist.
(km)
Mean spring
(km/day)
Mean autumn
(km/day)
Spring median
date
Peak latitude
date
Aut. median
date
A. colubris 3.1 2766 28.77 (2.9) 29.51 (3.9) Mar 10 (5.2) Jun 5 (3.9) Nov 12 (10.1)
A. alexandri 3.4 1721 43.97 (9.2) 31.24 (11.6) Feb 16 (7.0) Jun 27 (22.0) Nov 26 (13.2)
S. platycercus 3.6 1738 27.29 (7.4) 33.10 (12.2) Feb 11 (11.8) Jul 3 (21.4) Nov 8 (26.9)
S. calliope 2.7 3253 61.61 (8.8) 36.55 (8.4) Mar 9 (10.2) May 29 (2.3) Nov 9 (10.3)
S. rufus 3.5 4103 60.29 (20.5) 33.41 (11.6) Jan 22 (7.4) Jun 3 (6.1) Nov 15 (8.0)
Table 2. Migration variation results for the five hummingbird species. Mean (and standard deviation) for annual
migration variance explained by Julian date for latitude and longitude separately, with year as a random factor,
calculated by using the entire migratory route (beginning of spring through the end of autumn migration), and
by focusing on spring migration and autumn migration separately.
Species R2 lat R2 long Spring R2 lat Spring R2 long Aut. R2 lat Aut. R2 long
A. colubris 0.96 0.61 0.98 0.84 0.97 0.80
A. alexandri 0.94 0.90 0.96 0.75 0.89 0.82
S. platycercus 0.88 0.26 0.97 0.79 0.90 0.32
S. calliope 0.98 0.95 0.97 0.94 0.97 0.89
S. rufus 0.97 0.97 0.96 0.96 0.97 0.98
varied more across seasons both in timing and
geographic location than across years. Hum-
mingbirds, like other bird species (Tottrup et al.
2010, La Sorte et al. 2013, Nilsson et al. 2013)
seem to be impacted by different biological or
environmental constraints in different seasons
(Wethington and Russell 2003). Consistent with
predictions originating from optimal migration
theory that suggest birds should move more
quickly in the spring to optimize arrival for
breeding (Yohannes et al. 2009, Alerstam 2011,
Karlsson et al. 2012), most of the species
evaluated here migrated more quickly in the
spring than in the autumn. In addition, longitude
was less well explained by Julian date than
latitude, which may indicate greater ability for
populations to adjust their location east-west to
track ideal resources or weather, possibly along
elevation gradients (La Sorte et al. 2014a), while
still moving north-south at similar rates across
years. Given their small body size and high
energetic requirements, hummingbirds may be
early responders to climate variation and small
differences in movement and timing may indi-
cate an important biological response (Wething-
ton and Russell 2003).
Seasonal differences in migration route, tim-
ing, or variation may be explained by different
selective pressures across seasons, including
physiological condition post breeding, resource
distribution, habitat heterogeneity, and the sea-
sonality of weather events. For example, condi-
tions in the wintering grounds could significantly
impact spring migration timing (Robson and
Barriocanal 2011, Paxton et al. 2014). Faster
spring migration, observed in three of the five
species, may be facilitated by taking advantage of
favorable tailwinds (La Sorte et al. 2014b), while
the generally slower autumn migration may
depend on tracking resource distribution (Leu
and Thompson 2005) or on sex/age-related
differences in migration timing (Alerstam 2011).
The addition of juveniles in the autumn may
partially explain the more diffuse autumn mi-
gration and higher variance in the date for end of
autumn migration (Phillips 1975, Kodric-Brown
and Brown 1978, Carpenter et al. 1993, Wething-
ton and Russell 2003).
Annual variation in resource production, tim-
ing, and weather patterns are all likely to
influence individual hummingbird migration
behavior (Russell et al. 1994, Rappole and
Schuchmann 2003), and may be responsible for
the emergent population-level flexibility in the
longitudinal component of migration and in
migration timing. Studies at hummingbird mi-
gration stopover sites indicate that individuals
may choose stopover locations based on a
combination of nectar supply, competition, and
suitable weather conditions (Kodric-Brown and
Brown 1978, Russell et al. 1994, Wethington et al.
2005, McKinney et al. 2012) in addition to making
adjustments to changing physiological condi-
tions. For example, hummingbirds often use
torpor as a method to conserve energy during
the night (Lasiewski 1963, Carpenter and Hixon
1988, Powers et al. 2003), but this strategy has
limited energetic benefits at extreme high or low
temperatures (Hainsworth and Wolf 1970, Car-
penter 1974). Further, the temporal scale at which
hummingbirds respond to changes in resource
availability or weather extremes is hours (Beau-
chat et al. 1979, Powers and Conley 1994), which
requires them to have strategies to cope with
high metabolic demands or to move to locations
that are more suitable. Since hummingbird
migration is challenging to study across large
spatial scales, further research is needed to
understand the scale of individual interactions
and response to environmental factors versus the
scale of migration movement.
Differences in total migration distance and
regional heterogeneity along the migration route
may also influence observed variation among
species’ migration patterns (Tottrup et al. 2008,
La Sorte et al. 2014a). Long-distance migrants, S.
rufus and S. calliope, had faster migration speeds
and generally lower annual variation in migra-
tion routes and timing than shorter-distance
migrants, especially during spring migration.
The relatively large variance in migration pat-
terns of shorter-distance migrants could be
influenced by hummingbirds’ abilities to adjust
locations based upon environmental conditions
coupled with their weaker constraints on timing
for arrival at their breeding grounds compared to
longer-distance migrants (Russell et al. 1994,
Jenni and Kery 2003, Tottrup et al. 2008, Stanley
et al. 2012). However, it is also possible that our
observation of slower movement and greater
variation in movement of the shorter-distance
migrants, including A. alexandri and S. platycer-
cus, may be influenced by inclusion of data from
more sedentary resident populations in the
southern portion of their ranges (central and
southern Mexico and Guatemala; Schuchmann
1999, Baltosser and Russell 2000, Camfield et al.
2013). Species migrating in the eastern flyway of
North America, including A. colubris, experience
more homogeneous biotic environments and
topography than in the western flyway, which
allows them to more easily track productivity (La
Sorte et al. 2014a), and thus exhibit greater
variation in population-level migration route
among years.
There are several important considerations
when using citizen-science observer data, includ-
ing the number of observation years and poten-
tial bias due to the behavior of bird-watchers. We
were limited to six years of observation data, and
low annual variation in migration patterns may
indicate that there was not enough climate
variation in our time series to observe large
shifts in migration patterns. In terms of bias, a
high number of individuals from species typical-
ly found in the west, especially S. rufus and A.
alexandri, were observed in the southeastern
United States. Southeast banding stations also
have captured western hummingbirds (USGS
Bird Banding Laboratory 2014), but generally
only in the winter months and some individuals
are later recaptured within the western flyway
(Appendix A). This evidence suggests that S.
rufus has increased its overwintering population
in the southeast since the 1970s (Conway and
Drennan 1979, Hill et al. 1998), which could
suggest the formation of a secondary migration
route, potentially in response to changing cli-
mate. Hence, while evidence is limited, and
potentially confounded by the behavior of
birders, citizen science data have the potential
to document important distributional shifts in
birds.
Our approach demonstrates that citizen-sci-
ence data can be used to gain a broad-scale
temporal perspective on population migration,
without incurring costs associated with tracking
individual birds. We were able to study migra-
tion in a way that is currently not possible using
individual bird data (e.g., banding), especially for
hummingbirds. We suggest that eBird and other
citizen-science datasets will be useful for tracking
seasonal and annual changes in migration, and
can be integrated with other datasets (e.g.,
remote sensing of vegetation phenology) to
assess mechanism and to improve predictions
under global change scenarios.
ACKNOWLEDGMENTS
We would like to thank D. Fink for sharing his code
for the GAMM analysis. We would like to thank the
Graham lab, the hummingbird NASA project collab-
orators, and the Cornell Laboratory of Ornithology
eBird team for continued discussions on the data,
statistical analysis and citizen science, and two
anonymous reviewers. We especially thank all of the
volunteer birders and banders whose data was used in
this study. The project was funded by NASA grant
NNX11AO28G.
LITERATURE CITED
Alerstam, T. 2011. Optimal bird migration revisited.
Journal of Ornithology 152:5–23.
Baltosser, W. H., and S. M. Russell. 2000. Black-chinned
Hummingbird (Archilochus alexandri ). In A. Poole,
editor. The birds of North America online. Cornell
Lab of Ornithology, Ithaca, New York, USA.
Beauchat, C. A., S. B. Chaplin, and M. L. Morton. 1979.
Ambient temperature and the daily energetics of
two species of hummingbirds, Calypte anna and
Selasphorus rufus. Physiological Zoology 52:280–
295.
Both, C., C. A. M. Van Turnhout, R. G. Bijlsma, H.
Siepel, A. J. Van Strien, and R. P. B. Foppen. 2010.
Avian population consequences of climate change
are most severe for long-distance migrants in
seasonal habitats. Proceedings of the Royal Society
B 277:1259–1266.
Bridge, E. S., K. Thorup, M. S. Bowlin, P. B. Chilson,
R. H. Diehl, R. W. Fleron, P. Hartl, R. Kays, J. F.
Kelly, W. D. Robinson, and M. Wikelski. 2011.
Technology on the move: recent and forthcoming
innovations for tracking migratory birds. BioSci-
ence 61:689–698.
Calder, W. A., and L. L. Calder. 1994. Calliope
Hummingbird (Selasphorus calliope). In A. Poole,
editor. The birds of North America online. Cornell
Lab of Ornithology, Ithaca, New York, USA.
Camfield, A. F., W. A. Calder, and L. L. Calder. 2013.
Broad-tailed Hummingbird (Selasphorus platycercus.
In A. Poole, editor. The birds of North America
online. Cornell Lab of Ornithology, Ithaca, New
York, USA.
Carpenter, F. L. 1974. Torpor in an Andean humming-
bird: its ecological significance. Science 183:545–
547.
Carpenter, F. L., and M. A. Hixon. 1988. A new
function for torpor: fat conservation in a wild
migrant hummingbird. Condor 90:373–378.
Carpenter, F. L., M. A. Hixon, R. W. Russell, D. C.
Paton, and E. J. Temeles. 1993. Interference asym-
metries among age-sex classes of rufous humming-
birds during migratory stopovers. Behavioral
Ecology and Sociobiology 33:297–304.
Conklin, J. R., P. F. Battley, and M. A. Potter. 2013.
Absolute consistency: individual versus population
variation in annual-cycle schedules of a long-
distance migrant bird. PLoS ONE 8:e54535.
Conway, A. E., and S. R. Drennan. 1979. Rufous
Hummingbirds in eastern North America. Ameri-
can Birds 33:130–132.
Cotton, P. A. 2007. Seasonal resource tracking by
Amazonian hummingbirds. Ibis 149:135–142.
Dickinson, J. L., B. Zuckerberg, and D. N. Bonter. 2010.
Citizen science as an ecological research tool:
challenges and benefits. Annual Review of Ecology,
Evolution, and Systematics 41:149–172.
Dunning, J. B., Jr. 2007. CRC handbook of avian body
masses. Second edition. Taylor & Francis Group,
Boca Raton, Florida, USA.
Erni, B., F. Leitchi, L. G. Underhill, and B. Bruderer.
2002. Wind and rain govern the intensity of
nocturnal bird migration in central Europe—a
log-linear regression analysis. Ardea 90:155–166.
Faaborg, J., et al. 2010. Recent advances in under-
standing migration systems of New World land
birds. Ecological Monographs 80:3–48.
Gordo, O., and J. J. Sanz. 2006. Climate change and
bird phenology: a long-term study in the Iberian
Peninsula. Global Change Biology 12:1993–2004.
Hainsworth, F. R., and L. L. Wolf. 1970. Regulation of
oxygen consumption and body temperature during
torpor. Science 168:368–369.
Healy, S., and W. A. Calder. 2006. Rufous Humming-
bird (Selasphorus rufus). In A. Poole, editor. The
birds of North America online. Cornell Lab of
Ornithology, Ithaca, New York, USA.
Hill, G. E., R. R. Sargent, and M. B. Sargent. 1998.
Recent change in the winter distribution of rufous
hummingbirds. Auk 115:240–245.
Jenni, L., and M. Kery. 2003. Timing of autumn bird
migration under climate change: advances in long-
distance migrants, delays in short-distance mi-
grants. Proccedings of the Royal Society B
270:1467–1471.
Karlsson, H., C. Nilsson, J. Backman, and T. Alerstam.
2012. Nocturnal passerine migrants fly faster in
spring than in autumn: a test of the time
minimization hypothesis. Animal Behaviour
83:87–93.
Klaassen, M., B. J. Hoye, B. A. Nolet, and W. A.
Buttemer. 2012. Ecophysiology of avian migration
in the face of current global hazards. Philosophical
Transactions of the Royal Society B 367:1719–1732.
Klaassen, R. H. G., M. Hake, R. Strandberg, and T.
Alerstam. 2011. Geographical and temporal flexi-
bility in the response to crosswinds by migrating
raptors. Proceedings of the Royal Society B
278:1339–1346.
Kodric-Brown, A., and J. H. Brown. 1978. Influence of
economics, interspecific competition, and sexual
dimorphism on territoriality of migrant rufous
hummingbirds. Ecology 59:285–296.
Lasiewski, R. C. 1963. Oxygen consumption of torpid,
resting, active, and flying hummingbirds. Physio-
logical Zoology 36:122–140.
La Sorte, F. A., D. Fink, W. M. Hochachka, J. P. DeLong,
and S. Kelling. 2013. Population-level scaling of
avian migration speed with body size and migra-
tion distance for powered fliers. Ecology 94:1839–
1847.
La Sorte, F. A., D. Fink, W. M. Hochachka, J. P. DeLong,
and S. Kelling. 2014a. Spring phenology of ecolog-
ical productivity contributes to the use of looped
migration strategies by birds. Proceedings of the
Royal Society B 281:20140984.
La Sorte, F. A., D. Fink, W. M. Hochachka, A.
Farnsworth, A. D. Rodewald, K. V. Rosenberg,
B. L. Sullivan, D. W. Winkler, C. Wood, and S.
Kelling. 2014b. The role of atmospheric conditions
in the seasonal dynamics of North American
migration flyways. Journal of Biogeography
41:1685–1696.
La Sorte, F. A., and F. R. Thompson III. 2007. Poleward
shifts in winter ranges of North American birds.
Ecology 88:1803–1812.
Leitchi, F. 2006. Birds: blowin’ by the wind? Journal of
Ornithology 147:202–211.
Leu, M., and C. W. Thompson. 2005. The potential
importance of migratory stopover sites as flight
feather molt staging areas: a review for Neotropical
migrants. Biological Conservation 106:45–56.
Marra, P. P., C. M. Francis, R. S. Mulvihill, and F. R.
Moore. 2005. The influence of climate on the timing
and rate of spring bird migration. Oecologia
142:307–315.
McKinney, A. M., P. J. Caradonna, D. W. Inouye, B.
Barr, C. D. Bertelsen, and N. M. Waser. 2012.
Asynchronus changes in phenology of migrating
Broad-tailed Hummingbirds and their early-season
nectar resources. Ecology 93:1987–1993.
Møller, A. P., D. Rubolini, and E. Lehikoinen. 2008.
Populations of migratory bird species that did not
show a phonological response to climate change
are declining. Proceedings of the National Acade-
my of Sciences USA 105:16195–16200.
Moran, J. A., L. I. Wassenaar, J. C. Finlay, C.
Hutcheson, L. A. Isaac, and S. M. Wethington.
2013. An exploration of migratory connectivity of
the rufous hummingbird (Selasphorus rufus), using
feather deuterium. Journal of Ornithology 154:423–
430.
Muggeo, V. M. R. 2008. segmented: an R package to fit
regression models with broken-line relationships. R
News 8/1:20–25.
Muggeo, V. M. R. 2003. Estimating regression models
with unknown break-points. Statistics in Medicine
22:3055–3071.
Nilsson, C., R. H. G. Klaassen, and T. Alerstam. 2013.
Differences in speed and duration of bird migration
between spring and autumn. American Naturalist
181:8837–845.
Paxton, K. L., E. B. Cohen, E. H. Paxton, Z. Nemeth,
and F. R. Moore. 2014. El Nino-Southern Oscillation
is linked to decreased energetic condition in long-
distance migrants. PLoS ONE. doi: 10.1371/journal.
pone.0095383
Phillips, A. R. 1975. The migrations of Allen’s and
other hummingbirds. Condor 77:196–205.
Powers, D. R., A. R. Brown, and J. A. Van Hook. 2003.
Influence of normal daytime fate deposition on
laboratory measurements of torpor use in territo-
rial versus nonterritorial hummingbirds. Physio-
logical and Biochemical Zoology 76:389–397.
Powers, D. R., and T. M. Conley. 1994. Field metabolic-
rate and food-consumption of 2 sympatric hum-
mingbird species in southeastern Arizona. Condor
96:141–150.
Rappole, J. H., and K. L. Schuchmann. 2003. Ecology
and evolution of hummingbird population move-
ments and migration. Pages 39–51 in P. Berthold, E.
Gwinner, and E. Sonneschein, editors. Avian
migration. Springer, Berlin, Germany.
R Development Core Team. 2014. R: A language and
environment for statistical computing. R Founda-
tion for Statistical Computing, Vienna, Austria.
Ridgely, R. S., T. F. Alnutt, T. Brooks, D. K. McNicol,
D. W. Mehlman, B. E. Young, and J. R. Zook. 2007.
Digital distribution maps of the birds of the
Western Hemisphere. Version 3.0. NatureServe,
Arlington, Virginia, USA. http://www.natureserve.
org/getData/birdMaps.jsp
Robinson, W. D., M. S. Bowlin, I. Bisson, J. Shamoun-
Baranes, K. Thorup, R. H. Diehl, T. H. Kuntz, S.
Maybe, and D. W. Winkler. 2009. Integrating
concepts and technologies to advance the study
of bird migration. Frontiers in Ecology and the
Environment 8:354–361.
Robson, D., and C. Barriocanal. 2011. Ecological
conditions in wintering and passage areas as
determinants of timing in spring migration in
trans-Saharan migratory birds. Journal of Animal
Ecology. 80:320–331.
Russell, R. W., F. L. Carpenter, M. A. Hixon, and D. C.
Patton. 1994. The impact of variation in stopover
habitat quality on migrant rufous hummingbirds.
Conservation Biology 8:483–490.
Sahr, K., D. White, and A. J. Kimerling. 2003. Geodesic
discrete global grid systems. Cartography and
Geographic Information Science 30:121–134.
Schuchmann, K. L. 1999. Family Trochilidae (Hum-
mingbirds). Pages 468–680 in J. del Hoyo, A. Elliott,
and J. Sargatal, editors. Handbook of the birds of
the world, Barn-Owls to Hummingbirds. Lynx
Edicions, Barcelona, Spain.
Sillett, T. S., and R. T. Holmes. 2002. Variation in
survivorship of a migratory songbird throughout
its annual cycle. Journal of Animal Ecology 71:296–
308.
Stanley, C. Q., M. MacPherson, K. C. Fraser, E. A.
McKinnon, and B. J. M. Stutchbury. 2012. Repeat
tracking of individual songbirds reveals consistent
migration timing but flexibility in route. PLoS ONE
7:e40688.
Sullivan, B. L., et al. 2014. The eBird enterprise: An
integrated approach to development and applica-
tion of citizen science. Biological Conservation
169:31–40.
Tottrup, A. P., K. Rainio, T. Coppack, E. Lehikoinen, C.
Rahbek, and K. Thorup. 2010. Local temperature
fine-tunes the timing of spring migration in birds.
Integrative and Comparative Biology 50:293–304.
Tottrup, A. P., K. Thorup, K. Rainio, R. Yosef, E.
Lehikoinen, and C. Rahbek. 2008. Avian migrants
adjust migration in response to environmental
conditions en route. Biology Letters 4:685–688.
USGS Bird Banding Laboratory. 2014. Bird banding
and encounter records. Patuxent Wildlife Research
Center, Laurel, Maryland, USA.
Van Buskirk, J., R. S. Mulvihill, and R. C. Leberman.
2009. Variable shifts in spring and autumn migra-
tion phenology in North American songbirds
associated with climate change. Global Change
Biology 15:760–771.
Vardanis, Y., R. H. G. Klaassen, R. Strandberg, and T.
Alerstam. 2011. Individuality in bird migration:
routes and timing. Biology Letters 7:502–505.
Weidensaul, S. T., R. Robinson, R. R. Sargent, and M. B.
Sargent. 2013. Ruby-throated hummingbird (Archi-
lochus colubris). In A. Poole, editor. The birds of
North America online. Cornell Lab of Ornithology,
Ithaca, New York, USA.
Wethington, S. M., and S. M. Russell. 2003. The
seasonal distribution and abundance of humming-
birds in oak woodland and riparian communities
in southeastern Arizona. Condor 105:484–495.
Wethington, S. M., S. M. Russell, and G. C. West. 2005.
Timing of hummingbird migration in southeastern
Arizona: implications for conservation. Bird con-
servation implementation and integration in the
Americas. USDA Forest Service General Technical
Report 646–651.
Wilcove, D. S., and M. Wikelski. 2008. Going, going,
gone. Is animal migration disappearing? PLoS
Biology 6:e188.
Wood, S. N. 2006. Generalized additive models: an
introduction with R. Chapman and Hall/CRC, Boca
Raton, Florida, USA.
Yohannes, E., H. Biebach, G. Nikolaus, and D. J.
Pearson. 2009. Migration speeds among eleven
species of long-distance migrating passerines
across Europe, the desert, and eastern Africa.
Journal of Avian Biology 40:126–134.
Zhang, J. 2013. spaa: Species association analysis. R
package version 0.2.1. http://CRAN.R-project.org/
package¼spaa
SUPPLEMENTAL MATERIAL
APPENDIX A
Recapture data of banded individuals
from the Bird Banding Laboratory
Hummingbird banding and encounter data
were downloaded from the Bird Banding Labo-
ratory on 11 April 2014 (http://www.pwrc.usgs.
gov/BBL/homepage/datarequest.cfm). We fil-
tered the data to exclude records with incorrect
months of the year (e.g., months that were .12),
incorrect days of the month (e.g., days . 31),
individuals that were not identified to the
species-level, and that were missing latitude or
longitude.
Several western species of hummingbirds were
banded and/or recaptured in the eastern flyway
(east of 1038 W longitude) by volunteers submit-
ting data to the Bird Banding Laboratory (BBL).
The number of banders in the southeastern
United States has increased in recent years (Fig.
A1; Bird Banding Laboratory, personal communi-
cation). Thus, it is difficult to determine if the
increased number of observations of western
species, particularly rufous (Selasphorus rufus)
and black-chinned (Archilochus alexandri ) hum-
mingbird, in the east are due to increased
banding stations (e.g., increased detectability),
formation of a secondary migration route, an
ephemeral response to increased feeding stations,
and/or long-term response to climate or land use
changes. For S. rufus, there were 187 individuals
that were captured only in the eastern flyway,
and 8 individuals that were captured in the
eastern flyway, but later recaptured in the
western flyway. For A. alexandri, there were 80
individuals captured only in the eastern flyway
and 2 individuals that were captured in the
eastern flyway, but later recaptured in the
western flyway (Fig. A2).
Fig. A1. The number of registered banders authorized to band hummingbirds has been increasing through
time. In the winter alone (November-March), the number of banders in the southeastern United States submitting
data that include hummingbird bands increased over five-fold during the past 20 years. Data presented are for
the winter months (November-March) from 1991 to 2012, where the northern boundary was defined as 398N and
Louisiana, Arkansas, and Missouri were the western boundary states. Data were provided on 29 September, 2014
from the USGS Bird Banding Laboratory.
Fig. A2. For each species, the first column shows the map of recapture locations from the BBL data. Black lines
denote captured individuals that occurred entirely in the western flyway, red lines were captured in the eastern
flyway, and recaptured in the western flyway, and blue lines were captured only in the eastern flyway. The
second column shows a histogram of the months that captures occurred within the eastern flyway. For the
western species, these encounters occur primarily during the winter months or during migration. The third
column shows the number of individuals captured (grey bars) and the number of individuals captured in the
eastern flyway (red bars). Note that the third column only shows data for 1980–2013 since records before 1980 are
sparse for most species. The other figures use all the data from BBL 1932–2013.
Table B1. Descriptive data and results using all the eBird observations 2008–2013 (e.g., not excluding data by
flyway). Body mass (Dunning 2007), migration distance calculated using the NatureServe centroids for center
of breeding and winter ranges, and the mean (and standard deviation) for migration speed and date. Data used
the western flyway data only for the western species.
Species
Mean
body
mass (g)
Total
distance
(km)
Mean
spring
(km/day)
Mean
autumn
(km/day)
Spring
median
date
Peak
latitude
date
Autumn
median
date
Archilochus colubris 3.1 2765.86 28.77 (2.9) 29.51 (3.9) 10 Mar (5.2) 5 Jun (3.9) 12 Nov (10.1)
A. alexandri 3.4 1721.49 25.63 (4.8) 30.68 (3.7) 27 Feb (11.0) 11 Jul (21.2) 5 Nov (12.1)
Selasphorus platycercus 3.6 1737.89 37.16 (17.5) 33.50 (10.8) 18 Feb (19.9) 29 Jun (17.5) 4 Nov (20.0)
S. calliope 2.7 3252.82 73.92 (16.2) 58.83 (27.1) 28 Mar (21.2) 26 May (2.4) 16 Oct (30.8)
S. rufus 3.5 4102.58 71.49 (14.4) 42.21 (11.9) 21 Feb (7.7) 5 Jun (4.9) 12 Nov (10.1)
Table B2. Results using all the eBird observations 2008–2013 (e.g., not excluding data by flyway). Mean (and
standard deviation) for migration variance explained by Julian date for latitude and longitude separately, with
year as a random factor looking at the entire route, and at spring and autumn separately. Data used the
western flyway data only for the western species.
Species R2 lat R2 long Spring R2 lat Spring R2 long Autumn R2 lat Autumn R2 long
Archilochus colubris 0.96 0.61 0.97 0.84 0.97 0.80
A. alexandri 0.96 0.98 0.97 0.98 0.98 0.98
Selasphorus platycercus 0.86 0.72 0.97 0.76 0.90 0.58
S. calliope 0.90 0.85 0.96 0.78 0.87 0.92
S. rufus 0.98 0.96 0.96 0.87 0.98 0.97
Fig. B1. Icosahedron map with total eBird observation effort summed across years (2004–2013).
Fig. B2. The number of checklists submitted per year for each species. Note that the y-axis differs among the
plots. The rate of increase in observations per year is similar across all species.
Fig. B3. The number of checklists submitted (2008–2013) across the study area at a daily timestep for each
species (using all the data). Vertical lines represent the estimated start of spring migration (blue), the date
maximum latitude was reached (green) and the end of fall migration (orange), using all data. Most of the
observations fall between the blue and orange lines denoting migration period. Note that the green line often falls
close to a dip in overall observation, which might be expected, assuming that detectability decreases during the
nesting period.
Fig. B4. Standard error for latitude and longitude of the daily population-level centroids, from the GAM
analysis using the eBird observation data from the western flyway (and all data from ruby-throated
hummingbird) and from all years. Standard error for latitude and longitude are strongly correlated, with
generally higher error in predicted longitude. Before 2008 (red points), error along both axes was significantly
higher and less predictable.
Fig. B5. Summary of all the migration routes on an elevation map, using all eBird observations 2008–2013. Data
that is not subsetted by flyway is significantly impacted by vagrant birds, subpopulations that winter in the
southeastern United States, and high density of eBird participants in the southeastern USA.
SUPPLEMENT
Code for conducting the analyses and generating the figures in this paper, including the raw data
(Ecological Archives, http://dx.doi.org/10.1890/ES14-00290.1.sm).
Fig. B6. The figure shows trends in migration timing from 2008 to 2013 for the five species (the beginning of
spring migration, when the population reached peak latitude, and for the end of autumn migration). Y-axis is
Julian day of the year.
